model is presented for the simultaneous vapour and liquid transport in porous materials, The model describes the evaporation inside a porous material with a mass transfer coefficient and a specific evaporating surface. The model also includes the effect of sorption isotherms. Predictions of the model are compared with experimental results found in the literature.
INTRODUCTION
The process of moisture transport in porous materials is not fully understood yet. The problem is tried to be solved in different ways. Network models are popular ; for instance Nowicki et al. [l] , or diffusion models, see refs. [2-51. Also some measurements can be found in the literature, for instance Schoenherr and Mocikat [6] . The diffusion approach was also followed by van der Zanden et al. [7] . They gave a model for the diffusion coefficient of liquid in porous materials. The prediction of this model was modified by van der Zanden [8] .
The interaction between the liquid and vapour phase inside a partially saturated porous material was modelled by van der Zanden et al. [9] and by van der Zanden [lo]. They described the evaporation inside a porous material with a mass transfer coefficient and a specific evaporating surface. The main discrepancy with the experiments was that their model predicted a receding liquid front inside a porous material, while the experiments did not show such a characteristic behaviour. They explained this difference by the neglect of the sorption isotherm in their model.
The purpose of this paper is to extend the theory of van der Zanden et al. [9, lo] to include the sorption isotherm in the model (Section 2). In Sections 3 and 4 the approach will be outlined to obtain the numerical solution of the model. In Section 5 the model will be tested with the experimental results of Ketelaars [ 1 l] who measured moisture profiles in clay during drying. Two clays which he used in his study will be used in this paper namely (in his terminology) clay A and clay C.
MOISTURE TRANSPORT IN POROUS

MATERIALS
A sample of a porous material is considered which has a volume V. This sample can contain an amount of liquid water having a volume I',. The volume fraction water is then V,/ V. The concentration of liquid water, C,, in kg per m3 sample is where p is the density of liquid water. In a porous material there exists an equilibrium between C, and the water activity in the vapour phase, a,, the sorption isotherm. The concentration water vapour in air when the air is saturated is denoted by c,,,,~, where a small c is used in contrast with a capital C to indicate that it is based on a smaller volume, the volume of the vapour phase. The vapour concentration in the vapour phase in equilibrium with C, is a,~,,,,,. The water vapour concentration in the pores need not be in equilibrium with C,. For instance in Fig. 1 the bulk concentration vapour, c,, at position B can be smaller than the equilibrium concentration at the evaporating surface S, a,~.,,,,. The result is a water vapour flux, J, from the surface S to the bulk which can be modelled with a mass transfer coefficient km
The specific evaporating surface in the porous material where the water evaporates from is denoted t( and is supposed to be independent of liquid concentration. The specific rate of evaporation, G, then follows from equation (2) The volume fraction of the vapour phase is C" =(c-~)c.=Je-~)c,. (5) Now the differential equation describing the liquid transport inside the porous material is which with equation (7) is
where D, is the diffusion coefficient which depends on the liquid concentration C,. The differential equation A vapour balance over a slice of porous material, for the vapour transport can be derived by considering as illustrated in Fig. 2 , is the effective vapour flux in the pores ac, n= -Dvax N,dt+Gdxdt-N,+,,dt = dxdC, (10) (7) which leads to in which D, is the effective diffusion coefficient of water vapour, which is supposed to be independent of concentration and concentration gradient. With the arguments leading to equation (5) the boundary conditions at the drying surface (x = 0) and the isolated surface (x = H) must also be given. Clearly no flux occurs at the isolated surface and the
PARAMETERS
boundary conditions are
In the previous section a model has been proposed to describe the transport of moisture through porous materials. In this study this model will be used in the case of water transport through clays which were studied by Ketelaars [1 11. A few parameters are used in the model. These parameters of clays A and C were examined extensively by van der Zanden et al. [9] . The parameters k, and a never appear separately, but always as a product. Van der Zanden et al. [9] argued that k,a has a minimal value of the order 105 s-1.
The effective diffusion coefficient of water in the vapour phase, D,, was reported to be 2.13 * 10m6 m2 s-' in clay A and 2.54. lO-6 m2 s-' in clay C.
In addition to these parameters the equilibrium between C, and the water activity in the vapour, a,,_ was measured by Ketelaars [1 1] and is given in Fig. 3 for clay A and clay C. Clay C is much more hygroscopic than clay A.
, ,--(R;-1.6*10-") C,, except maybe in a small interval very close to the drying surface, the moisture profiles inside the clay are not so much influenced by whether the flux at the surface is formed by a vapour flux or by a liquid flux. This is illustrated in Fig. 4 which depicts one moisture profile inside a clay sample and a small interval Ax where the liquid profile is not in equilibrium with the vapour profile in the sample. The moisture which is going out of the clay sample can follow path 1 (the liquid flux) or it can follow path 2 (evaporation very close to the surface and then out of the sample in the form of vapour). Whether path 1 or 2 (or a combination of the two) is followed hardly 
NUMERICAL SOLUTION
In Section 2 differential equations (6) and (12) were
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As also stated by van der Zanden et al. [9] , the boundary condition at the drying surface is not so clear. At the drying surface a flux occurs out of the drying clay, N,,,. This flux is the sum of the vapour flux and the liquid flux 
In the numerical simulations a mesh is needed which is fine at the drying surface. In the Appendix a reasoning is presented with the result that a coordination transformation from x to t is used given by
in which ng is the number of gridpoints minus 1 and H is the height of the clay sample. The factor a can be adjusted to get a finer or coarser grid at the drying surface. In this study ng is 300 and u is 1.02. When using this new coordinate the differential equations (6) and (12) become, respectively, 
The equations (22) and (23) are solved numerically by the CrankkNicolson method using the simplification that the process of vapour diffusion is quasi-steady according to the reasoning as given by van der Zanden et al. [9] . The term on the left side of equation (23) then becomes zero. The moisture content at the drying surface cannot become smaller than zero. If during a simulation such a situation were to occur, the boundary condition (26) is replaced by the boundary condition c,=O atl=O (28) and is then maintained during the rest of that simulation.
RESULTS
For the two clays used in this study moisture profiles were experimentally obtained by Ketelaars [11] by using a scanning neutron radiography technique. The total moisture content of a sample is, in this paper, obtained by integrating these moisture profiles. Differentiating the moisture content with respect to time gives the flux, N,,,, at the drying surface.
The water vapour concentration in the pores, c,,,,,, is computed with the Antoine relation and the ideal gdS law.
Van der Zanden et al. [9] reported some doubts whether Ketelaars started the drying process with a uniform moisture content. To circumvent any errors attributed to this problem, in this study all computations will use the first profile measured by Ketelaars as the initial condition.
The height of the drying samples of clay A and C were reported by Ketelaars to be for both 0.0295 m.
In this study more attention is given to clay C than to clay A because clay C is more hygroscopic and the influence of the sorption isotherm may be expected to be somewhat larger than in clay A.
In Fig. 5 the computed profiles in clay C are presented for the value of k,cc 10' s-' after 3692 (initial condition), 21362,37552 and 55212 s. A value of k,a equal to 10' s ' gave almost identical results. In the moisture content C, is neglected with respect to C,. Since the moisture profiles are not sensitive to the values of the parameter k,cc in the rest of this study the value 10' ss' will be used.
The influence of including the sorption isotherm in the model is studied in Fig. 6 in which two almost coinciding profiles are plotted, one as a result of a computation including the sorption isotherm and the other without sorption isotherm, both at t = 4284 s being the time at which a receding liquid front will start to occur in the case where the sorption isotherm is neglected. The difference between the profiles on / = 4284 s is not clearly visible in Fig. 6 . In Fig. 7 the l-scale is used to plot both profiles. In this figure the difference is clearly visible, it also shows that the profile computed with the model without sorption isotherm goes to zero and the other profile does not. The
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Now let it be assumed that the concentration in the vapour phase is in equilibrium with the concentration in the liquid phase C" = C",S&W.
(30)
The derivative of equation (30) not be caused by the neglect of the sorption isotherm because the sorption isotherm starts to deviate significantly from a, = 1 at C, = 50 kg rnm3, being a value which is not reached in the simulations. Ketelaars extracted the diffusion coefficient from the profiles, while in this study the profiles are computed using the diffusion coefficient. Clearly there is no reconciliation between these two studies concerning this part.
CONCLUSION AND DISCUSSION
A model has been presented that describes the moisture transport in porous materials including the effect of the sorption isotherm. In the model the parameter combination k,cc describes the evaporation inside the porous material.
Within the physical realistic range this parameter combination does not have a large influence on the moisture profiles indicating that, except maybe very close to the evaporating surface the concentration in the vapour phase is in equilibrium with the concentration in the liquid phase. Using this notion the model clarifies how an overall diffusion coefficient, which includes transport in the liquid phase and in the vapour phase, is formed by the diffusion coefficient of mass in liquid form and by the diffusion coefficient of mass in vapour form. The assumption of van der Zanden et al. [7] that in clay C the transport of water is formed only by liquid water transport has been proved not to be valid for small moisture contents. This paper describes the interaction between the liquid and vapour phase inside a porous material. 
